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MODERN IVF HAS TRANSCENDED CLASSIC MORPHOLOGICAL EMBRYO ASSESSMENT
The need to identify the most viable embryo following in vitro fertilization (IVF) was established early in the history of human IVF, when the only available information about the embryo could be obtained from cleavage rates and morphology patterns. Indeed, early studies, including those by Bob Edwards, stated that ''cleavage rates on a certain day and overall embryo morphology were valuable in choosing which embryo to transfer'' (1) . Forty years later, the development of an accurate quantitative method to assess embryo viability, leading to improved pregnancy rates, while allowing the transfer of a single embryo, remains one of the main challenges for IVF clinics (2) .
The significant health risks associated with multiple pregnancies has been the motivation to transfer as few embryos as possible, without compromising the chance of achieving pregnancy. To this end, IVF centers have used grading systems based upon semi-quantitative descriptors of the morphology of the pronucleate oocyte, cleavage-stage embryo, morula or blastocyst (3) . Pronucleate oocyte grading systems evaluated pronuclear size and position, nucleoli number and distribution, and cytoplasmic appearance (4) (5) (6) . Cleavage-stage embryo-grading systems include criteria such as the uniformity of blastomeres, percentage of fragmentation, rate of cleavage, and blastomere multinucleation (6) (7) (8) (9) . However, the ability of morphology alone to accurately identify viable pre-compacted embryos has been limited. For example, even embryos with irregular morphological and morphokinetic parameters at early stages of development can lead to normal live births (10) . When assessing cleavage stage embryos, one is primarily considering the quality of the oocyte, as limited embryonic genes have been activated (11, 12) . With the introduction of improved culture systems capable of supporting the human embryo throughout the preimplantation period, blastocyst grading systems were developed to account for the degree of expansion, zona thinning, and the quality of the trophectoderm and inner cell mass (13, 14) , thereby assessing true embryonic traits post embryonic genome activation. This approach has led to lowering the number of embryos transferred, thereby leading to a reduction in the incidence of twins and all but eliminating high order multiple gestations (15) (16) (17) .
The ultimate aim of any embryo selection system is to identify the cleavage stage embryo, or blastocyst, that is most likely to implant and develop into a healthy baby. Although used extensively for over three decades, classic morphologic assessment does not provide any insight into the physiology of the embryo, and although extremely useful in embryo deselection, when faced with embryos of the same morphology such assessment cannot identify the embryo with the highest viability.
In this review, we focus on why noninvasive assessment can still provide an ultimate means of embryo assessment. We ask the question, ''Will noninvasive methods surpass invasive for assessing gametes and embryos?'' While we acknowledge that it is possibly too early in the development of some of the technologies to provide strong clinical evidence, it is important that the assisted reproductive technology community is aware of the continued pursuit of reliable noninvasive embryo selection techniques.
QUANTITATIVE ASSESSMENT OF EMBRYO VIABILITY THROUGH INVASIVE MEANS
Invasive assessment has been driven by the hypothesis, ''. if a euploid embryo can be identified, its ability to lead to a normal live birth will be greatly enhanced.'' The first reported use of an invasive method in humans was for the treatment of sex linked diseases (18, 19) . This initial procedure was based on single blastomere analysis using fluorescence in situ hybridization (FISH), but was eventually modified by adding in further chromosome labels so that aneuploid embryos could be deselected. Although the validity of selecting a euploid embryo has never been challenged, the quest for technologies to accurately measure chromosome content without compromising the embryo has faced numerous hurdles. The greatest such barrier came from the technical challenges to perform FISH on a single biopsied cell. A series of trials in 2006-2008 led many to question its validity (20) (21) (22) . In recent years, the advent of trophectoderm biopsy and preimplantation genetic screening (PGS), powered by dramatic advances in molecular based screening technologies including the development of next generation sequencing platforms, have provided significant improvement in embryo selection by comprehensive chromosome screening (23) (24) (25) (26) . However, embryo mosaicism has emerged as a new challenge for PGS methods (27, 28) . Concerns also persist over possible damage from the biopsy (29) . Additionally, not all euploid embryos are developmentally competent; thus, screening for aneuploidy does not necessarily guarantee a viable embryo.
THE HOLY GRAIL OF NONINVASIVE EMBRYO ASSESSMENT?
Noninvasive assessment has been driven by two hypotheses: morphological determinants exist during the preimplantation stages that can be related to an embryo's viability (or certainly lack thereof); and quantitatively measuring factors in the media or noninvasively in the embryo, in particular metabolic signatures, can provide the basis for selecting the embryo with the highest viability.
The importance of metabolic activity for embryo development and viability has been established over several decades (30) . Early studies revealed a clear correlation between adenosine triphosphate (ATP) levels and embryo viability in mouse (31) , and subsequent works identified the pivotal role of glucose metabolism in oocyte and embryo viability (32) . Significantly, viability has been linked to the consumption of oxygen, an essential component of oxidative metabolism (33) . As metabolic function is known to be essential for viability, any assay for measuring the metabolic state will logically provide valuable information for assessing the health of embryos.
Several noninvasive methods aiming to determine embryo viability have been put forward as candidates, including proteomics (34), birefringence imaging (35) , measurement of respiration rate (36) , amino acid turnover (37) (38) (39) , soluble human leukocyte antigen-G (40) , and pyruvate uptake (41) . More recently, a rejuvenation of morphological assessment has been attempted using time lapse imaging also by quantifying morphokinetic features of development. Although such an approach looks promising with regards to the ability to deselect embryos for transfer (42, 43) , one is still only making morphological assessments of the embryo, and not actually quantifying any physiological parameters. Unfortunately, it has so far failed to provide significant improvements in viability prediction (44) .
The most consistently repeatable parameter linked to embryo viability across several mammalian species has been embryonic glucose uptake and its utilization (30, 45, 46) . As early as 1970, Menke and McLaren (47) revealed that mouse blastocysts, developed in basic culture conditions, lost their ability to oxidise glucose. This initial observation was followed by several studies that elucidated changes in embryo metabolism associated with loss of developmental capacity in vitro (48) . In 1980, Renard et al. (49) , observed that day-10 cattle blastocysts which had a glucose uptake greater than 5 mg/hour developed better, both in culture and in vivo after transfer, than those blastocysts with a glucose uptake below this value. In 1987, using the relatively new technique of noninvasive microfluorescence, Gardner and Leese (46) measured glucose uptake by individual day-4 mouse blastocysts prior to transfer to recipient females. Blastocysts that went to term had a significantly higher glucose uptake in culture than those embryos that failed to develop after transfer. This work was built upon by Lane and Gardner (50) , who went on to reveal that not only was the rate of glucose consumption linked to viability after transfer, but so was the metabolic fate of said glucose. Blastocysts that exhibited excessive lactate production, i.e. not showing a normal physiological profile, were shown to have very limited viability (50) .
Analysis of the relationship between human embryo nutrition and subsequent development in vitro (38, 46) was subsequently undertaken by Gardner et al., (46) who determined that glucose consumption on day 4 by human embryos was twice as high in those embryos that went on to form blastocysts. Gardner and colleagues (51) then went on to confirm a positive relationship between glucose uptake and human embryo viability on both day 4 and day 5 of development. Regrettably, the complex nature of the microfluorometric method, including dedicated equipment and technical staff, has greatly impeded its entrance into mainstream use for clinical IVF. However, a potential means to accurately analyze small volumes of culture media is through the use of microfluidics. A proof-of-principle study was performed by Urbanski et al. (52) who developed a chip using soft-lithography and polydimethylsiloxane, capable of analyzing sub-microliter volumes of media. Such devices represent a means of accurately quantifying nutrient and metabolite levels (53) .
BARRIERS TO NONINVASIVE ASSESSMENT
Noninvasive assessment of preimplantation embryos has therefore remained largely limited to the use of morphology. As with the technical advances seen in molecular-based PGS technologies, the main hurdle to noninvasive screening is not in the validity of the hypothesis, but in the validity of the technology. A prime example is the implementation of metabolomics to assess embryo viability. Metabolomics is the study of the unique chemical fingerprints that specific cellular processes leave behind, in this case the embryo. Metabolomics was evaluated in human IVF for noninvasive profiling of embryo culture media. Analyses were performed on media samples from embryos that led to pregnancy or no pregnancy (54) (55) (56) . The technologies studied included proton nuclear magnetic resonance, Raman spectroscopy, and near-infrared spectroscopy (54-58). All three technologies revealed a correlation with embryo ''viability,'' as assessed in vitro, and with pregnancy outcome. Following a series of initial promising studies, a prototype instrument, which generated a Viability Score to grade each embryo, was introduced for clinical use. The studies were however terminated due to the assessment scores being highly susceptible to instrument variability. Many of the commercial instruments showed poor repeatability within instrument, and poor reproducibility between instruments. For example, individual algorithms created on master instruments were vulnerable to interference when loaded onto other instruments. Indeed, larger studies using single-embryo transfer had been conducted to assess the precision and reproducibility of the viability score, and to evaluate the efficacy of the method in identifying the single best embryo of a patient's cohort. Two of those single-embryo transfer studies failed to show a difference in implantation and clinical pregnancy rates using metabolomic profiling of spent embryo culture media (59, 60) . Data examining outcomes after multiple embryo transfers were however more promising (61), indicating that score variability was definitely more detrimental in a single embryo transfer scenario.
The technological challenges to develop a noninvasive system cannot be underestimated; however, just as PGS has progressed from FISH to NGS, the field of noninvasive assessment is also evolving. It is envisaged that further studies will be forthcoming on human embryo metabolism and its relationship to IVF outcome.
NOVEL OPTICAL METHODS FOR ASSESSING GAMETES AND EMBRYOS
It could be argued that exposure of embryos to any outside artificial conditions, including illumination necessary for any kind of imaging, is ''invasive.'' Although technically not completely noninvasive, in the context of this review we consider imaging to be noninvasive (providing wavelengths out of the ultraviolet and blue end of the spectrum are avoided). This nomenclature does, however, take into account studies that have shown some impact of light on embryo viability (62) and that the proviso always exists that safety must be determined prior to the introduction of such ''noninvasive'' techniques into routine care.
Noninvasive embryo assessment can now be performed by a number of novel imaging platforms. The main prerequisite of such imaging approaches is the information being measured should be obtained without the use of labels, probes, or prolonged exposure times, to assess the embryo or oocyte.
Raman spectroscopy (56, 63) , Fourier transform infrared spectroscopy (64), fluorescence-lifetime imaging microscopy (FLIM) (65) and hyperspectral analysis (66) can all be used to provide additional spectroscopic data on embryos, and they thus have the potential to produce superior clinical tools for embryo assessment. However, a number of hurdles still exist. In particular, expense and ease of use must be improved. Finally, credible data showing that the methodologies are safe and do indeed predict embryo viability must also follow. Mitochondria, which play key roles in cellular respiration, biosynthesis pathways, Ca 2þ regulation, apoptosis, and the production of reactive oxygen species, are critical for successful embryo development (67) (68) (69) . Embryo viability has been found to correlate with proxies for mitochondria physiological state, such as ATP levels, O 2 consumption, glucose oxidation and membrane potential (31, (70) (71) (72) (73) . Artificially disrupting mitochondria in oocytes and early embryos results in loss of viability, defects in maturation and fertilization, and errors in cell division (74) (75) (76) (77) (78) (79) . These results support the hypothesis that measurements of mitochondria function will provide the basis to select high quality embryos for transfer.
Cells have long been known to contain molecules or factors that emit autofluorescent signals. Numerous endogenous fluorophores exist in cells including amino acids, structural proteins, enzymes and coenzymes, vitamins, and lipids (80) . This intrinsic property of cells can therefore be captured using different types of spectral analysis. The main advantage of this type of approach is that it avoids the use of any labels of probes. Nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD) are autofluorescent coenzymes involved in numerous biochemical reactions within the cell, the states of which are directly connected to cellular respiration. Hence they make ideal candidates for biomarkers of mitochondrial function. There is a long history of using NADH and FAD fluorescence to noninvasively study mitochondria in cells, tissues, and intact organisms (68, 69, 76, 81, 82) . One of the most effective approaches to assess NADH and FAD in vivo, is metabolic imaging by FLIM, performed with time correlated single photon counting (27) . This established technique creates a histogram of times that the fluorophores remain in their excited state. The fluorescent lifetimes of NADH and FAD change depending on whether they are bound to proteins or soluble, with the precise values depending on the local environment. The total amount of fluorescence produced is related to the amount of NADH and FAD present. Thus, a properly calibrated metabolic imaging system can be used to measure the concentration of NADH, the concentration of FAD, the fraction of each bound to protein, and it can provide information on the local environment of both the soluble and protein bound pools. The technique yields quantitative parameters, which provide a relatively direct measure of the state of mitochondria in individual embryos (Fig. 1) .
The effectiveness of FLIM-based metabolic imaging to sensitively measure metabolic states has been established in many studies, including the differentiation of various cancer cell types (83) and the observation of distinct metabolic profiles for stem cells at different stages of differentiation (84) . Metabolic imaging of oocytes and embryos has great potential in IVF because it provides an objective measurement of the physiological state of their mitochondria, and is rapid, noninvasive, and quantitative (Fig. 2) .
While such an approach as FLIM is promising, it is important to note that a causative relationship between abnormal mitochondrial functions and clinically relevant embryo loss has not been established. Furthermore, it has not been demonstrated that mitochondria function is correlated with viability in a cohort of embryos from an individual patient (which is required for a useful selection tool). Future systematic studies using this approach could resolve these issues, and establish the utility of metabolic imaging, both as a selection tool in IVF and as a research tool for the field of fertility.
Other types of microscopic analysis are also being examined in the realm of embryology. Hyperspectral analysis (66) investigates overall autofluorescent signatures and their cellular distribution. Similar to FLIM, this technique has also been shown in other cell systems to provide insights into cellular processes (84) (85) (86) , including embryos (87) . Recently, this type of analysis was shown for the first time to noninvasively extract biologically relevant and quantitative information from cells and tissues. It was able to identify and document autofluorescence by multispectral imaging whereby a spectrum is taken at each pixel in the image, generating about a million such spectra from cellular areas with varying molecular composition (66) . Individual cells are segmented out and their images processed to generate multiple, mathematically defined cellular features. The endogenous cell fluorophores examined included NADH, nicotinamide adenine dinucleotide phosphate (NADPH), FAD and flavin mononucleotide, N-retinylidene-N-retinylethanolamine, cytochrome C, and proteins including abundant species like collagen and elastin.
Optical coherence microscopy (OCM) is a further promising technique. This intriguing approach is based on optical coherence tomography (OCT) (88) , which can image structural information of a sample by measuring the interference between back-scattered light from the sample with a reference signal. The main benefits of this technique are superior sample penetration and axial resolution; however, OCT is typically limited in its transverse (XY plane) imaging resolution. OCM overcomes this transverse resolution limitation by combining OCT with confocal microscopy, providing a noninvasive means of performing high-resolution, 3-dimensional imaging of subcellular components.
This intriguing approach was recently shown to provide detailed information on early embryonic development, without requiring sample pre-processing or labeling (89) . The technique images the internal motion of cytoplasm using custom scanning and signal processing protocols, and it provides a type of high-resolution intracellular timelapse imaging. Karnowski et al. (89) used mouse and pig oocytes and embryos, and visualized them through fertilization and the first embryonic division, as well as at selected stages of oogenesis and preimplantation development. While OCM appears to yield more structural information than bright field imaging, its utility is still based upon the same fundamental premise as current techniques: that morphological and morphokinetic properties are highly indicative of embryo viability. As morphology appears not to be totally predictive of embryo viability, it remains to be seen whether OCM will contribute as much selective power as techniques that directly sample the biochemistry of embryos. However this type of combination of novel microscopy and embryology is another excellent example that may represent a new chapter in imaging-based preimplantation embryo diagnostics.
NOVEL METHODS FOR ASSESSING SPERM
A number of novel new technologies are also being developed which may serve the purpose of allowing better sperm selection prior to classical IVF or intracytoplasmic sperm injection (90) (91) (92) (93) . These include the use of Raman Spectroscopy to noninvasively distinguish the DNA packaging and protamine content between normal and abnormal cells (94) . In a number of studies it has been shown that the relative protein content per cell and DNA packaging efficiencies are distributed over a relatively wide range for sperm cells with both normal and abnormal shape. These findings indicate that single cell Raman spectroscopy could be a valuable tool in assessing the quality of sperm cells. This technology in combination with microfluidic sperm cell sorting (95, 96) will hold great promise for sperm selection techniques that may translate to improved IVF outcomes by selecting the more competent paternal genome component.
Although these sperm assessment techniques are intriguing, the biggest challenge is identifying evidence that selecting sperm in such a way will be of major significance on the outcome of IVF. It has been previously discussed (93) in relation to sperm selection that our greatest challenge to creating predictive sperm assessment models is the multifactorial nature of fertility. We are not only dealing with the many attributes of the spermatozoon, but also a significant impact from the egg and uterus.
NON-OPTICAL METHODS FOR ASSESSING GAMETES AND EMBRYOS
Other areas are developing that could allow non-microscopic methods to be used to measure factors noninvasively. In addition to the use of microscopy, there have also been advances in technologies to investigate cell free DNA and RNA in the culture media surrounding embryos (97) (98) (99) . One area of particular interest is the recent publication reporting the assessment of cell free DNA in embryo culture media being used to assess the ploidy status of embryos. Xu et al. (98) performed NGS on the spent culture media used to culture human blastocysts (n ¼ 42) and obtained the ploidy information of all chromosomes. They validated these results by comparing each with their corresponding whole donated embryo and obtained a high correlation for identification of chromosomal abnormalities (sensitivity, 0.882, and specificity, 0.840). They subsequently reported chromosome screening on IVF embryos from seven couples with balanced translocation, azoospermia, or recurrent pregnancy loss and reported six successful clinical pregnancies. Although promising, concerns exist as to the validity of measuring cell free DNA in embryo culture media (100) .
In addition to technologies that are completely novel to IVF, recent improvements of older format assays, such as immunoassays, also shows some promise. One example is a novel ultrasensitive digital immunoassay platform (101-103) developed almost 10 years ago. In a recent study (104) we used this platform to assess media for interleukin-6 (IL-6). Media samples were analyzed for IL-6 (pg/ml) expression and then matched to a coded database to determine if implantation of the transferred embryo had occurred. We found that from 71 blastocysts which failed to implant and from 60 embryos that implanted the resultant IL-6 values (meanAEstandard deviation) in the media were significantly different. These digitalized immunoassays could be the basis for a clinically accessible platform allowing IVF laboratories to identify previously undetectable markers in the embryo culture media and quantify them more accurately and reproducibly.
WILL NONINVASIVE METHODS EQUAL OR SURPASS INVASIVE METHODS?
The success of comprehensive chromosome screening has created the gold standard for aneuploidy assessment techniques. When a euploid embryo is identified we now expect a live birth rate approaching the 60% range (23) (24) (25) (26) . This number does pose an interesting dilemma however, what is
FIGURE 2
Example of digitalized metabolic imaging on individual 2-cell mouse embryos.
(A) Fluorescence-lifetime imaging microscopy measurements of nicotinamide adenine dinucleotide and (B) flavin adenine dinucleotide produce fluorescence images that can subsequently be quantified by specific algorithms incorporating information related to the auto-fluorescent signal of each embryo (Fig. 1) . Bar ¼ 50 mm. happening to the other 40% of euploid embryos? We can attribute some failures to uterine asynchrony (105, 106) , and some to paternal influences or male factor (93, 107) . Although many other female factors could contribute to transfer outcome (108), our focus has been on the ability to select the embryo with the highest probability of initiating and maintain a successful and healthy pregnancy.
The ability to quantify metabolism more accurately using a noninvasive platform may serve to identify those euploid embryos that are more likely to lead to a live birth. The question remains what, if any, correlation exists between euploid status and metabolic competence? If euploid embryos also show a higher metabolic competence, then the ability to use noninvasive metabolic assessment of embryos will be equivalent to the current invasive techniques. If the novel optical technologies being developed can both identify aneuploidy and metabolic competence, as suggested by the OCM and FLIM technologies, then the future may involve noninvasive platforms.
Currently, hurdles remain to achieving the long-held goal of quantitating embryo viability in IVF. The safety, accuracy and utility of these technologies is far from established. However, research into the novel noninvasive techniques as described herein, and their implementation into IVF, holds promise for the development of superior, noninvasive embryo viability assessment tools, which are likely to play increasingly important roles in coming years.
